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Abstract: Density functional theory (DFT, B3PW91) calculations have been carried out on the reactivity of
ethene with model systems M(=NR)(=CHCHz;)(X)(Y) for M = Mo or W, R = methyl or phenyl, X = CH,-
CHs, OCHjs, or OSiHs, and Y = CH,CHs, OCHgs, or OSiHs, which are representative of experimental olefin
metathesis catalysts, and the results are compared to those previously obtained for Re(=CCH3)(=CHCH3)-
(X)(Y). The general pathway comprises four steps: olefin coordination, [2+2] cycloaddition, cycloreversion,
and olefin de-coordination. Two key factors have been found to control the detailed shape of the energy
profiles: the energy of distortion of the tetrahedral catalyst and the stability of the metallacycle intermediate,
which is controlled by the M—C bond strength. The efficiency has been evaluated by calculating the turnover
frequency (TOF) based on the steady-state approximation, and the most striking feature is that the
unsymmetrical catalysts (X = Y) are systematically more efficient for all systems (Mo, W, and Re). Overall,
the Re complexes have been found to be less efficient than the Mo and W catalysts, except when Re is
unsymmetrically substituted: it is then calculated to be as efficient as the best Mo and W catalysts.

Introduction Scheme 1
R! R! R!
Olefin metathesis has become a key process to build carbon N N , ¢
carbon bonds in the development and the synthesis of pharma- |\£'||t:=fR Iv_;,R _éé:ﬁ
ceuticals, polymers, and basic chemicals. The first catalysts were X' Y; X‘;{: X Yt

based on transition-metal oxides supported on oxide surfaces.

While these systems are very important in petrochemical yaterial science to asymmetric cataly$id! More recently,
processed they are usually incompatible with functionalized  these catalysts have even been used for a new generation of
molecules, which has precluded their use in organic synthesisglkane metathesis catalytic systeth$3The efficiency of these
and material science. Since the Chauvin olefin metathesis olefin metathesis catalysts, typically estimated by the number
mechanisn#;? based on metallocarbene and metallacyclobutane of turnovers, largely depends on the nature of both the metal
intermediates, methods for the synthesis of well-defined met- and the spectator ligan84? For instance, for a given X and Y
allocarbene complexes based dh(to, W or Ref=6 or d* pair, the catalytic efficiency normally decreases from Mo/W to
(Ru)~? transition metals have been developed. Th8chrock- Re. In addition, for a given metal, the catalytic efficiency
type catalysts, MEERY)(=CHR?)(X)(Y) (M = Mo and W; E increases with the presence of electronegative X and Y ligands;
= N; M = Re, E= C, Scheme 1), are highly efficient olefin  in particular, X =Y = OC(CH)(CFs)2 give much better
metathesis catalysts for a wide variety of applications from catalysts than X=Y = CHytBu or even X=Y = OtBu. These
observations have led to a long-accepted idea that the more
t UniversiteMontpellier 2. efficient catalysts are obtained by the combination of an
ﬁggié%ré“f‘ de Girona. electropositive metal with an X and Y pair of electronegative
yon. alkoxy ligands. This combination would favor the interaction

(1) Mol, J. C.J. Mol. Catal. A-Chem2004 213 39.
(2) Herisson, J. L.; Chauvin, YMakromol. Chem1971, 141, 161.

(3) Chauvin, Y.Angew. Chem., Int. E®006 45, 3740. (10) Hoveyda, A. H.; Schrock, R. RChem. Eur. J2001, 7, 945.

(4) Schrock, R. RTop. Organomet. Cheni998 1, 1. (11) Schrock, R. R.; Hoveyda, A. Angew. Chem., Int. E®2003 42, 4592.

(5) Schrock, R. RJ. Mol. Catal. A-Chem2004 213 21. (12) Goldman, A. S.; Roy, A. H.; Huang, Z.; Ahuja, R.; Schinski, W.; Brookhart,
(6) Schrock, R. RAngew. Chem., Int. EQR006 45, 3748. M. Science2006 312, 257.

(7) Grubbs, R. H.; Chang, Seetrahedron1998 54, 4413. (13) Blanc, F.; Copeet, C.; Thivolle-Cazat, J.; Basset, J.-Mngew. Chem.,
(8) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re®001, 34, 18. Int. Ed. 2006 45, 6201.

(9) Grubbs, R. HAngew. Chem., Int. EQR006 45, 3760. (14) Schrock, R. RAcc. Chem. Re<99Q 23, 158.
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between the olefin, the Lewis base, and the electron-deficientis some controversy about the nature of the reaction mechanism

metal, the Lewis aci#* However, this hypothesis does not
account for the efficiency of a family of molecular and silica-
grafted (RO)M(=ER!)(=CHtBu)(CH,tBu) complexes (M=
Mo and W; E= N; M = Re, E= C), being unsymmetrical (X
= CHytBu and Y = OR®),%1524 which are sometimes better
catalysts than the symmetrical bisalkoxy complexes=HRY)-
(=CHtBuU)(OR).®

Theoretical work has focused mainly on Ru-based systerifs,
and in the case of%tomplexes, theoretical studies have been
focused on the catalytic activity of Mo catalysts*® and
especially the bisalkoxy-based complex&s® They have not

and the number of elementary steps involved (two or four).
Recently, we have shown that, fof Re-based catalysts, the
olefin metathesis pathway consists of four steps: the coordina-
tion of the entering olefin, the metallacycle formation, and the
corresponding reverse reactions (Schem® The energies of
the intermediates and transition states are largely influenced by
the nature of the X and Y ligands, the more favorable reaction
pathway being obtained when X is a goedlonor (alkyl) and

Y a poor one (siloxy or alkoxy). This combination decreases
the energy barrier of the olefin coordination/decoordination step
and avoids the formation of a too stable metallacyclobutane

addressed in detail the influence of the ancillary ligands and of intermediate, and thus, overall, it leads to a shallower potential

the metal, with the exception of the effect of fluorine atoms in

the alkoxy ligands. In all cases, the metallacycle intermediate
involved in the mechanism has a trigonal bipyramid structure,

energy surface.
The aim of the present work is to evaluate the scope of the
four-step mechanism for°ccomplexes and to rationalize the

although square-based pyramid isomers have also been locatethctors that would favor the olefin metathesis reaction, paying

as minima on the potential energy surfdéén addition, there

(15) Chabanas, M.; Baudouin, A.; Capg C.; Basset, J.-Ml. Am. Chem. Soc.
2001, 123 2062.

(16) Chabanas, M.; Baudouin, A.; Cape C.; Basset, J.-M.; Lukens, W.;
Lesage, A.; Hediger, S.; Emsley, 1. Am. Chem. So2003 125, 492.
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special attention to the influence of the metal (Mo, W, and Re),
the imido vs the alkylidyne, and the X and Y spectator ligands.

Computational Details

Calculations have been carried out with the hybrid B3PW91 density
functional?®®® as implemented in the Gaussian03 pack&dgm the
model systems MENRY)(=CHCH;)(X)(Y) and ReECCHg)(=CHCH)-

(X)(Y) (R* = CHjs, Ph; X, Y = CH,CHs, OCHs, OSiHs) (Scheme 3).

The Mo, W, Re, and Si atoms have been represented with the quasi
relativistic effective core pseudo-potentials (RECP) of the Stuttgart
group and the associated basis sets augmented with a polarization
function®27%5 The remaining atoms (C, H, N, and O) have been

Scheme 3
R! R!
N ¢
[t CHa Nl FHs
\.-M=/ ,,Re=/
XYy X4
Y Y
M = Mo or W
M-Me-1: R'=CHg, X =Y = OCH; Re-1: X =Y =0CHs
M-Ph-1: R'=Ph, X =Y =0OCHj Re-2: X =Y =CHyCHs
M-Me-2: R'=CHz X =Y =CHyCHs Re-3: X =CHCHj, Y = OSiH3
M-Ph-2: R'=Ph, X =Y =CHyCHs Re-4: X =CHyCHj, Y = OCH3

M-Me-3: R'=CHg, X = CHyCH3, Y = OSiH;
M-Ph-3: R'=Ph, X =CHyCHg, Y = OSiH3
M-Me-4: R'=CHg, X = CHyCHg, Y = OCH3
M-Ph-4: R'=Ph, X=CHyCHa, Y = OCH,

(48) Solans-Monfort, X.; Clot, E.; Copet, C.; Eisenstein, OJ. Am. Chem.
Soc.2005 127, 14015.

(49) Becke, A. D.J. Chem. Phys1993 98, 5648.

(50) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244,

(51) Pople, J. A,; et alGaussianO3Version D; Gaussian Inc.: Wallingford,
CT, 2004.

(52) Andrae, D.; Hassermann, U.; Dolg, M.; Stoll, H.; Preuss, Fheor. Chim.
Acta199Q 77, 123.

(53) Bergner, A.; Dolg, M.; Kahle, W.; Stoll, H.; Preuss, HMol. Phys.1993
80, 1431.

(54) Ehlers, A. W.; Bbme, M.; Dapprich, S.; Gobbi, A.; Hivarth, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, Giem. Phys.
Lett. 1993 208 111.
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represented with 6-31G(d,p) basis s€tdhe B3PW91 geometry
optimizations were performed without any symmetry constraint, and

the nature of the extrema (local minima or transition states) was checked

by analytical frequency calculations. The discussion of the results is
based on the electronic energiewithout any ZPE corrections, because
inclusion of the ZPE corrections does not significantly modify the
results. The free energy valu€& computed with Gaussian03 at 298

K and P = 1 atm, are used to evaluate the relative rates using the
model developed by Christiansémand recently applied to theoretical
studies on cross-coupling reactions by Kozuch and SHaike atomic

charges have been calculated using the natural population analysis

scheme of Weinhold and co-workéfsand the topology of the electron
density has been analyzed with Bader's atoms-in-molecules theory
(AIM). 6061

Results

Models and General RemarksWe have studied the reaction
paths of ethene metathesis with3¥RL)(=CHCHz)(X)(Y), 6263
which are labeled by the nature of the metal Mo( and W),
the nature of Xand Y %Y = OCH;z for 1, X =Y = CH,-

CHs for 2, X = CH,CHs, Y = OSiHs for 3, and X= CH,CHs,

Y = OCH; for 4), and the nature of theRsubstituent on the
imido group Me for NCHz andPh for NPh). Thus, the systems
whose reactivities have been studied are, for-NWlo and W:
M-Me-1, Rt = CH3, X =Y = OCHg; M-Ph-1, R = Ph, X=

Y = OCHg; M-Me-2, Rl = CHg, X =Y = CH,CHjz; M-Ph-2,

Rl = Ph, X=Y = CH,CH3; M-Me-3, Rl = CHjz, X = CH,-
CHgz, Y = OSiHs; M-Ph-3, Rl = Ph, X= CH,CH3, Y = OSiH;
M-Me-4, Rt = CHs, X = CH,CH3, Y = OCHs; M-Ph-4, R!

= Ph, X= CH,CHjs, Y = OCH;) (Scheme 3). The complexes
ReECCHz)(=CHCHz)(X)(Y) (Re-1, X = Y = OCHg; Re-2,

X =Y = CH,CHjs; Re-3 X = CH,CHjs, Y = OSiHs; Re-4, X

= CH,CHs, Y = OCHg), whose reactivities have been previ-
ously studied? are included for comparison. For convenience,
the notationM-i (M = Mo, W, or Re;i = 1—4) will be used
when the nature of the imido or alkylidyne group does not need
to be specified.

As previously discussed in earlier works, all these complexes
(Mo, W, and Re) present a pseudo-tetrahedral geometry, in
which the imido or alkylidyne, the metal, the alkylideng,&
and the substituent on the alkylidene group (Me) are copla-
nar8264 This leads to two possible isomeisyfiandanti), the
synbeing the most stable. Finally, the imido and the alkylidyne
are triply bonded to the metal center, as evidenced by AIM and
natural bond order analyses.

In olefin metathesis, the alkene must approathto the
alkylidene ligand. Therefore, only three of the four possible
approachesfiont, back andbotton) to the triangular faces of
the tetrahedron are reactive (Scheme 4). Troat and back

(55) Hdlwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, Ghem. Phys.
Lett. 1993 208 237.

(56) Hehre, W. J.; Ditchfield, R.; Pople, J. B. Chem. Physl972 56, 2257.

(57) Christiansen, J. AAdv. Catal. 1953 5, 311.

(58) Kozuch, S.; Shaik, SI. Am. Chem. So2006 128 3355.

(59) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

(60) Bader, R. F. WChem. Re. 1991, 91, 893.

(61) Bader, R. F. WAtoms in Molecules: A Quantum Thep@xford University
Press: Oxford, 1995.

(62) Poater, A.; Solans-Monfort, X.; Clot, E.; Copé C.; Eisenstein, alton
Trans.2006 3077.

(63) In ref 62, it has been shown that the-NI bonds are best represented by
a triple bond, and therefore the notation#NR) will be used throughout
the text.

(64) Solans-Monfort, X.; Clot, E.; Cdpet, C.; Eisenstein, Grganometallics
2005 24, 1586.
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approaches are equivalent when X and Y are the same. The
bottomapproach, which requires the rotation of the alkylidene
group, is a high-energy process and has not been
studied264-68 Consequently, only one attack has to be con-
sidered when X= Y, and bothfront and back attacks have
been studied for X= Y.

Ethene Metathesis PathwayThe four-step pathway (Scheme
5), previously obtained for Re-based cataly8talJso applies
for all d® group 6 catalysts: coordination/de-coordination of the
olefin and metallacycle formation/opening (Tables 1 and 2). In
some specific caseMp-Ph-1, Mo-Ph-2, W-Me-1, W-Ph-1,
and W-Ph-2), the olefin complex has not been found as a
minimum of the potential energy surface, and thus the only
localized transition states are those associated with coordination
and de-coordination of the olefinvifle infra for further
comments). The geometries of all located extrema (Figures S1
S20, Supporting Information) do not substantially change with
the nature of the metal and the ligarf8$loreover, in contrast
to our previous work on Re-based olefin metathesis catalysts,
the square-based pyramidal metallacycle isomers (SP) have also
been included in the study because these intermediates cor-
respond to potential resting states (Figures-S223, Supporting
Information).

The coordination of ethené {1l via TSI) requires a change
of coordination from a tetrahedron to a distorted trigonal
bipyramid (TBP). At the transition statd/-TSlI, the apical
ligands are one of the ancillary ligands (X) and the entering
olefin, the latter being still far from the metal center (more than
3.1 A). The three other ligandghe imido or alkylidyne (ER,
the alkylidene, and ¥-form the equatorial plane. In the case
of M-3, for which X = CH,CHz; and Y = OSiH;, the favored
transition state is obtained for tfi@nt attack, that is, the olefin
approachingransto X, as already found foRe-348 The back
approach, which is always significantly disfavored, has therefore
not been considered in the caseMf4 (X = CH,CHz and Y
= OCHg). At the transition stat@Sl, the metat-ligand bonds
in the equatorial plane are slightly elongated, and the triply
bonded ligand bends slightly,#%E—C angle>15%. FromTSI
to the ethene compleX,, the TBP structure is maintained, and
the major change is the shortening of the metdéfin distance,

(65) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.;
O’Regan, M.J. Am. Chem. S0d.99Q 112, 3875.

(66) Schrock, R. R.; Crowe, W. E.; Bazan, G. C.; DiMare, M.; O'Regan, M.
B.; Schofield, M. H.Organometallics1991, 10, 1832.

(67) Toreki, R.; Schrock, R. R.; Davis, W. M. Am. Chem. S0d.992 114,
3367.

(68) Oskam, J. H.; Schrock, R. B. Am. Chem. Sod.993 115 11831.

(69) For a more detailed presentation of geometries of the extrema, see additional

text in the Supporting Information.
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Scheme 5
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Table 1. Electronic Energy AE and Free Energy AG (kcal mol~1) Table 2. Electronic Energy AE and Free Energy AG (kcal mol~1)

for the Extrema Located along the Pathways of Ethene Metathesis
with Molybdenum-Based Catalysts?@

for the Extrema Located along the Pathways of Ethene Metathesis
with Tungsten- and Rhenium-Based Catalysts?

catalyst TSI TSI M- TSIV TSIV Vb catalyst TSI I TSl mTsme v TSIV Vb
Mo-Me-1 AE 56 06 08-137 34 30 56-11 W-Me-1 AE 59 -—¢ —¢ —-195 -¢ —c 4.4 —2.2
AG 17.7 153 16.2 45 204 178 17.61.2 AG 176 -—°¢ —c -19 —¢ —¢ 16.1 —2.8
Mo-Ph-1 AE 54 —-¢ ¢ 144 27 1.9 48-0.8 W-Ph-1 AE 50 -—¢ —-¢ =206 -—°¢ —¢ 35 —20
AG 175 —°¢ ¢ 4.2 20.1 17.3 16.6—-0.7 AG 172 -—¢ —¢ -2.1 —¢ —¢ 154 -2.2
Mo-Me-2 AE 60 19 29 -78 6.2 57 6.7-08 W-Me-2 AE 56 —¢ 19 —-95 50 49 56-17
AG 189 16.9 199 115 242 215 20511 AG 190 -—-°¢ 194 10.2 23.0 21.2 20.0-2.0
Mo-Ph-2 AE 49 —-¢ ¢ -84 6.0 51 59-05 W-Ph-2 AE 43 ¢ -t =122 46 -°¢ 46 —1.4
AG 162 —-°¢ ¢ 10.7 239 21.1 19.8-1.7 AG 166 -—¢ —¢ 9.2 22.2 20.0 18.6—2.2
Mo-Me-3qont AE 0.8 -04 09 —-134 42 06 0.6-0.8 W-Me-3qont AE 0.6 —16 —-15 —-170 1.6 -09 —-0.7 —-2.0
AG 120 14.1 17.7 49 21.2 129 13.80.6 AG 120 132 143 1.0 18.2 127 12.32.2

Mo-Me-3pack AE 169 —d4 —d —d _d — - —d W-Me-3paek AE 154 —d —d —d  —d — —d —d
AGd 30.8 —d —d —d _d —d —d —d AGd 28.9 —d —d —d —d _d —d —d
Mo-Ph-3 AE 0.3 -1.0 0.7 -13.7 44 0.1 0.2-0.6 W-Ph-3 AE 0.1 23 —20 —-173 15 -18 —-1.2 —-1.7
AG 123 14.0 18.0 4.8 21.8 139 13.60.6 AG 116 125 145 0.8 18.2 12.7 10.81.9
Mo-Me-4 AE 10 01 14-131 43 06 06-13 W-Me-4 AE 09 —-1.0 -09 -165 19 -05 —-04 —24
AG 120 13.8 179 52 20.6 129 13.6-1.0 AG 123 138 15.2 1.9 183 124 12621
Mo-Ph-4 AE 0.3 -0.7 09 —-136 43 -0.2 0.0 —-1.0 W-Ph-4 AE 0.1 -18 —-16 —-171 15 -16 —-14 —-2.1
AG 121 13.1 175 40 21.3 126 12.61.3 AG 11.7 123 144 0.8 184 114 10525
Re-1® AE 93 —-12 —-% -—-152 27 23 87-17
aSee Scheme 3 for catalyst labeling. All energies are given with respect AG 218 143 ¢ 28 19.7 185 21.4-13
to | corresponding to the separated reactants =R (=CHCHg)(X)(Y) Re-Z2 AE 123 71 82 —-10 94 79 119-12
and GHg. PV refers to the products M&{NRL)(=CH,)(X)(Y) + CsHe. AG 25.0 224 247 179 26.0 23.0 24713
¢ Not located.d Not calculated. Re-3ront® AE 29 -02 17 -126 56 18 28-09
AG 131 137 174 4.2 21.7 15.6 15.40.7

which varies from more than 3.1 A ifiSl to less than 2.75A  Re-3.4¢ AE 233 —d —d _d _d _d _d _d
in 11, the triply bonded ligand remaining slightly bent £AE— Fotr ﬁgd 31-2 *1"4 *?’j . ;dG *7"3 *?‘: ) *: ) Edz
C angle>153) and the EM—Y angle increasing. AG 165 161 20.6 82 240 181 17502

The [2+2] cycloaddition (I — 1l via TSIl) takes place
through a slight haptotropic shift of the ethene frgfin Il to ! >
7*in TSI, which reduces the &C and the Me--C distances ' Cc(;rHrf_SE\(}nrdel?(grstotct,hti S :}gﬁe&egrcégﬂtci??i&%&zg;‘g&g%
of the bonds to be formed (the average variations are 0.43 andy ¢, ©Not located Not calculateds Values from ref 48.
0.23 A, respectively). Conversely, the=hC and G=C bond
lengths slightly increase, while thesM—Y angle opens by  (low activation energy). In these complexes, the metallacycle
less than 18 The metallacyclobutane intermediate obtained is in the basal plane, whileER, X, or Y occupies the apical
from TSIl has a TBP structurdI(-TBP ) with axial imido or site. The most stable structures have ER as an apical ligand
alkylidyne and Y ligands (EM—Y > 170, with the exception  (SP-ER), with the exception olo-2 andW-2, for which the
of X =Y = CH,CHj, for which EEM—Y > 145, Scheme 5).  favored apical ligand is an alkyl grougP-X) (Scheme 6). In
Froml to lll, the M=E and M—Y bond lengths increase and  all cases, the geometrical features of these SP isomers are similar
the triply bonded ligand still remains essentially linear, tt/’f M and in agreement with the existing X-ray structures of several
E—C angle ranging from 177.7 to 149.3 bisalkoxy metallacyclobutané®:73 The most significant dif-
Although the metallacyclobutane involved directly in the
ethene metathesis has a TBP structure, square-based pyramidato) Feldman, J.; Davis, W. M.; Schrock, R. Brganometallics1989 8, 2266.

(SP) metallacyclobutane isomers have been found as more stablé®) feiaman, J; Davis, W. M.; Thomas, J. K.; Schrock, RoRganometallics

minima on the potential energy surface (Table 3 and Figures (72) Feldman, J.; Murdzek, J. S.; Davis, W. M.; Schrock, RORjanometallics
S21-23). No transition state could be located for TB&P 1989 8, 2260.

: X o X . i . (73) Schrock, R. R.; DePue, R. T.; Feldman, J.; Schaverien, C. J.; Dewan, J.
interconversion, but this isomerization is expected to be facile C.; Liu, A. H. J. Am. Chem. S0d.988 110, 1423.

a See Scheme 3 for catalyst labeling. All energies are given with respect
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Table 3. Energy and Free Energy (kcal m0|‘1)a0f the SP and TBP destabilizes all intermediates and transition states (this is notably
Metallacycles Relative to Separated Reactants the case for the metallacyclobutane intermediates, whether in a
SP-ER SP-X TBP TBP or SP geometry); (b) similarly, substituting the phenyl
catalyst AE AG AE AG AE AG imido by a methyl imido ligand has also the effect of
Mo-Me-1 —20.7 -37 -100 77 —13.7 45 destabilizing the energies of intermediates and transition states;
Mo-Ph-1 -203 -27 103 75 —14.4 4.2 and (c) the unsymmetrical catalystgl-3 and M-4) have the
Mo-Me-2 124 42 -160 24 -78 115 lowest energy barriers for the coordination st&p3-TS!I and
Mo-Ph-2 -13.2 32 -154 35 -84 107 M-4-TSI). while th I e i di M and
Mo-Me-3rone  —18.1 —0.9 -22 142 —13.4 4.9 -4-TSI), while the metallacycle intermediateld;3-I1l an
Mo-Ph-3 -182 -04 -26 162 -—137 4.8 M-4-1lIl , have intermediate stabilities between those of the
Mo-Me-4 -184 -17 —-44 116 -131 5.2 bisalkoxy (M-1) and the bisalkyl 1-2) complexes). For 5d
yv(_’,;/lperlf :;ij :gé __13'3 1‘21'?1 :ig'g _f'g metals (Re vs W), substitution of the alkylidyne by the imido
W-Ph-1 —242 —72 —127 53 -205 -21 ligands leads to an energy profile with intermediates and
W-Me-2 —14.4 21 -16.6 1.5 -95 102 transition states of lower energies. For the imido complexes,
W"\Pﬂh'é :ig-g _32-5‘ __12-6‘ lé-g :g-g 2-3 substitution of W by Mo (5d vs 4d) significantly destabilizes
W:Pﬁ_'Sfm"‘ 197 _a37 b 5 _173 08 the metallacycle interme.diat'es, while the tlransition states
W-Me-4 -202 —-42 —-45 103 -165 1.9 associated with the coordination/de-coordination steps are not
W-Ph-4 —202 34 —752 9b-8 -171 0.8 affected. Overall, there is not a combination of metal and ligands
Re-1 —2l2 -3l . 7 —152 28 that leads to a generally less energy demanding pathway. This
Re-2 -10.9 60 -80 75 -10 179 )
Re-3ront ~170 -01 —b b _126 4.2 suggests that more than one factor controls the energy profile.
Re-4 -17.3 0.2 —b —b -9.6 8.2 In particular, the accepted hypothesis, that a more electropositive

metal should lead to a more efficient catalyst, is not apparent
in the calculated energy profiles. It is therefore necessary to
evaluate the rate of the overall process (see Overall Catalytic

aSee Scheme 3 for catalyst labeling. See Scheme 5 for the labeling of
the metallacycles® Not located.

Scheme 6 Cycle section) and not to focus only on individual elementary
R R steps.
CH; g I‘E X
\A;!\\ “ CiHa i C\Ha |\|/|§E/R Discussion
T M VX /My ¢
J{ \/ \Y \/ \Y Coordination of the Olefin and Distortion of the Catalyst.

The quasi tetrahedral complexes with no empty coordination
site distort into a trigonal pyramid to generate a vacant site for

ference between SP and TBP isomers is the shape of theth® incoming olefin to form a TBP complex having an axial
metallacycles: folded with thé-carbon pointing toward the  ©lefinligand. The energy barrier of the olefin coordination step

TBP SP-ER SP-X

apical group vs flat rings and longer-MC and shorter €Cg depends on the energy needed to distort the initial pseudo-
bond distances for the SP metallacycles, as previously observedétrahedral geometry into the TBP structurer&i and on the
experimentally and found by calculations for specific 38487075 affinity of the metal fragment for the incoming olefin. To

Overall, only small geometry variations on the extrema along understand .the effect of the met{a! aqd ligands on the transition-
tate energies, an energy partitioning scheme of the energy

the ethene metathesis reaction pathway are induced by the natur: ) by .
of the metal and ligands. However, one significant change is éarner (AEY) has been carried out (Table 4, e \Eqs(M)

an elongation of the BN bond upon the replacement of the
methyl by a phenyl group on the imido ligand. Additionally,
the replacement of the alkoxy or siloxy ligand by mereonor
alkyl ligands yields a bending of the triply bonded ligand (imido
or alkylidyne; smallest M=E—C angle equal to 149°3®btained
for Mo-Me-2-111 ) and the formation of distorted TBP metal-
lacyclobutane isomers with smalle=—Cy angles (145 <

AE* = AE;(M) + AE (/) — AEy, (1)

and AEgis(//) are respectively the energies required to distort
the catalyst and ethylene from the geometries they have as
isolated entities to the ones they have as fragments in the
transition statesAE;y is the interaction energy between the two
fragments in the transition states (calculated as the difference
E=M—Cy < 155). betweenAE* and the sum ofAEg;s).

The relative energies associated with ethylene metathesis and At the transition state, the olefin and the metal are still far
the TBP-SP isomerization of the metallacycle for all studied fom each other¥3 A): the G=C bond length is almost equal
complexes are given in Tables-3 (selected potential energy o that in free ethylene, leading to a negligible distortion energy
surfaces are shown in Figure 1). The largest energy differencegf the olefin (AEgig(//)) and to a small metadolefin interaction
between the most stable intermediate (the SP metallacycle) and( AEin, Table 4). Thus, the energy barriexf*) associated with
the highest point on the potential energy surface (one of the the formation of the olefin adduct is mostly determined by the
two transition states of the exit channel) is 28.8 kcal Thaso distortion energy of the metal fragment from a tetrahedron into
all complexes are potentially active olefin metathesis catalysts. 5 trigonal pyramid AEgi(M), which is highly sensitive to the
The energy profile depends notably on the nature of the metal natyre of X and Y ancillary ligands. For a given set of X and
and ligands. The effect of the (X,Y) ligands is similar for all vy |igands, this energy is almost equal for Mo and W, indicating
metals: (a) substituting two alkoxy ligands by two alkyl groups  that the energy barrier for olefin coordination is not influenced
by the nature of the metal, 4d vs 5d. The distortion energy is

(74) Suresh, C. H.; Baik, M.-HDalton Trans.2005 2982. B ; i ;
(75) Harvey, B. G.; Mayne, C. L.; Arif, A. M.; Ernst, R. 0. Am. Chem. Soc. the hlgheSt for alkyhdyne Re complexes. DIStOI‘_tIng the metal
2005 127, 16426. fragment from a tetrahedron to a trigonal pyramid forces three
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16.9
a) —

-

I TSI 11 TSII 1II-TBP  1II-SP 1II-TBP  TSIII v TSIV

-24.4

I TSI Il TSI II-TBP III-SP III-TBP TSIl v TSIV v

Figure 1. Potential energy surfaces (kcal m¥l for the metathesis reaction 0b84 with (2) Mo(=NCHz)(=CHCHg)(X)(Y) [X =Y = OCHs, Mo-Me-1
(black); X=Y = CH,CHs, Mo-Me-2 (green); X= CH,CHgs, Y = OSiHs, Mo-Me-3 front (blue) and back (red) attacks] ang (=ECHs)(=CHCHg)(CH.-
CH3)(OSiHs) [M = Mo, E = N, Mo-Me-3 (blue); M= W, E = N, W-Me-3 (orange); M= Re, E= C, Re-Me-3(violet)]. For each system, the separated

reactantd + C,H, are taken as the energy origin.

ligands, including the imido or the alkylidyne, to become systems increases as followfont-M-3/4 (X = CH,CHg, Y
coplanar. This is less energy demanding when ligands have a= OSiH; or OCH) < M-1 (X =Y = OCHg) <M-2 (X =Y
small trans influence?® which explains the lower distortion = CH,CHs) < backM-3/4 (Y = CH,CH3, X =Y = OSiHz or
energy of the imido complexé3.The difference in distortion OCHg), the phenyl imido giving systematically lower distortion
energies and thus in energy barriers for olefin coordination to energy than the methyl imido ligand. The effect of Y is less
the Mo, W, and Re complexes is mostly due to the nature of marked on Mo and W than on Re, which is also in agreement
the M=ER! ligand (C vs N). Moreover, the effect of X and Y  with the imido having a weaketrans influence than the

is similar for all metals: the energy distortion is lowered when alkylidyne82

Y, which goes into the equatorial plane of the TBP, is a poor  The threer-bonds present in the initial tetrahedral complexes,
o-donor ligand and when X, which goes to the axial sigs the M—C z-bond from the alkylidene ligand and two M

to the entering olefin, is a goad-donor ligand*® Finally, the sm-bonds (E= N for Mo and W, and E= C for Re), are not
substitution of the methyl imido by a phenyl imido further lost during the coordination step, as suggested by the overall

decreases the energy barrier of the olefin coordination step,

i (76) Kaltsoyannis, N.; Mountford, B. Chem. Soc., Dalton Tran999 781.
_be_caus_e of the lower electron do_nor c_:apablllty of the phenyl (77) Parsons, T. B.; Hazari, N.; Cowley, A. R.; Green, J. C.; Mountford, P.
imido ligand®276.77 Hence, the distortion energy for these Inorg. Chem.2005 44, 8442,
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Table 4. Analysis of the Energy Barrier for M-TSI (kcal mol‘lg in complexes, the relative energies M-Il with respect to
Terms of Distortion and Interaction Energies of the Reactants separated reactants range frer.3 kcal mot* for W-Ar-3 to
catalyst AE(TSI)  AEgM)  AEg(l)  AEa® 2o +7.1 kcal mot? for Re-2 the bisalkyl alkylidyne-alkylidene
Mo-Me-1 5.6 6.9 0.0 -1.3 323.5 rhenium complex. The relative stability ®fi-11 for a given
mo_fﬂh_lz 2-6‘ ?; 8-8 —ig ggg metal, as a function of X and Y ligands, follows the trend found
O-l\Vie- . . . —1. . . . . .
Mo-Ph-2 49 65 0.0 16 3004 for M-TSI and varies in general as follows: unsymm_etncal
Mo-Me-3ont 0.8 1.7 0.0 -0.9 343.3 systems (alkyl/siloxyM-3-II , or alkyl/alkoxy, M-4-11), bis-
Mo-Mo- 16.9 18.3 0.2 -16  303.6 alkoxy complexesNI-1-I1 ), bisalkyl complexesNi-2-11 ), with
W-Ph-3 03 1.6 00 -13 3428 the exception oRe-1-I1, which is more stable thaRe-3-II
W-Me-4 1.0 22 0.0 -1.2 344.5 P L j o '
W-Ph-4 03 19 0.0 _16 3447 Overall, these similar effects suggest that the stabilitiviei
W-Me-1 5.9 6.8 0.0 -1.1 324.7 is still controlled by the distortion energy of the metal fragment
W-Ph-1 5.0 6.5 0.0 -15 3242 as inTSI, although the affinity of the metal for the incoming
W-Me-2 >0 r1 01 ~16 324.1 olefin starts to have a role, as evidenced by the effect of the
W-Ph-2 43 6.1 00 -18 3245 ’ cead by |
W-Me-3ont 0.6 1.7 0.0 —11 343.5 metal (5d metals lead to stronger-M interactions than 4d
W-Me-3pack 15.4 16.9 0.2 -17  306.5 metalg®79. For given X/Y ligands, the relative stability &-I1
W-Ph-3 0.1 15 0.0 —1.4 342.8 decreases in the order W Mo > Re, which differs from that
W-Me-4 0.9 23 0.0 -14 3439 " .
W-Ph-4 o1 18 0.0 17 3444 found forM-TSI (Mo ~ W > Re), and this shows that metal
Re-Me-1 9.3 9.9 0.1° -0.77 3203 olefin complexeaM-1l are stabilized for 5d metals more than
Re-Me-2 12.3 13.1 0.1¢ -0.& 317.5 M-TSI.
Re-Me- 2.9 3.5 0.6 -0.6 3375 ) - .
Re_Me_i'sz 233 23.8 0% 07 300.F The energy barriers for the 2] cycloaddition viaM-TSII
Re-Me-4 4.4 5.3 0.C¢ -0.¢ 3371 are always low or even very low<@.3 kcal motl). They are

lower for W than for Mo and Re, and they are also lower for
the bisalkoxy complexe$/-1. As a result, the barrier disappears
for W-1. The energy barriers parallel the stabilities of the

aSee Scheme 3 for catalyst labelifdSee text for definition¢ Values
taken from ref 48.

Scheme 7 metallacycles, as expected for a strongly exothermic transforma-
= tion (Hammond postulate).
’Lx ¥ N eR H,J%@R P R% r§%R Metallacyclobutane and Rir)g Opening (C-C Cleavage).
= = 2 ) R r The metallacyclobutanes, with either TBR-(ll ) or SP
e e xe A S E geometries, are more stable than the separated reactants. Both
VEY the TBP and SP isomer stabilities follow the same trends, and
b R R R % they depend on the nature of the metal and the ligands. The
H@?E'R H%?OR H ) metallacycles are significantly more stable for W than for Mo
! v and Re for a given set of X and Y ligands. For any metal, the
Y

least stable metallacyclobutanes correspond to the bigelid/l
systems. The most stable metallacyclobutanes are those of the
bisalkoxy complexedyl-1, and those oM-3 andM-4 catalysts
have intermediate stabilities. This shows the destabilizing role
of strongero-donor ligands such as alkyls.

In order to understand in detail the relative stability of the
metallacycles, an energy partitioning scheme was devised in
terms of a thermodynamic cycle shown in Scheme 8 and
associated values given in Tablé®%The formation of the

large M—N—R! angle and the computed AIM ellipticity (Tables
S1-S20, Supporting Information). In the initial tetrahedral
complex, these three-bonds are based on three metal orbitals
that are either nonbonding or slightly antibonding with the other
ligands (Scheme 7a). ITSI, whose metal fragment has a
trigonal pyramid geometry, the meteadlkylidene and the ¥
E z-bond, perpendicular to the basal plane, use nonbonding d
and g, orbitals, and the other ®E z-bond, in the basal plane,
uses a @y orbital, which is antibonding with the Y ligand
(Scheme 7b). The,& 2 orbital is therefore destabilized by
o-donor Y ligands, which, in turn, increases the energy gap
between the empty,ely2 orbital and the occupied p orbital of
the triply bonded E ligand. Thus, the s8E x interaction
becomes weaker and the electron density of tkeBvbond is
polarized toward E on going from-1 to M-Il , especially for
o-donor Y ligands. The decrease in the—g, interaction is
more unfavorable for the alkylidyne ligand, because the less
electronegative alkylidyne ligand cannot localize the electron 1
density on E as well as the imido ligand. To compensate the MI=CR; ]I AE
bond polarization toward E, the#E—R! angle bends slightly . - 1[ [M]O]
without ever forming a localized lone pair at E. This is supported 1 I
by AIM (vide supraand Tables S1S20) and by the shape of [H20:0H2 ]
the molecular orbitals shown in Figures S24.

Olefin Adduct and Ring Formation (C—C Coupling). The .
olefin adductM-Il has not been found as a local minimum for ggg e an” gggggt‘;rw /i_’cﬁgg_“bﬁzrigggfgbgz;é’ 286,
some catalystsW-Me-1 andM-Ph-1, M-Ph-2). For all other (80) Tomsa, J.; Lleds, A.; Jean, Y Organometallics1998 17, 4932.

Scheme 8

+
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Table 5. Energies (kcal mol~1) Associated with the Thermodynamic Cycle As Described in Scheme 82

TBP SP
catalyst BDE(C=C) BDE(M=C) AE BDE(M—C) + BDE(C—C) AE BDE(M—C) + BDE(C—C)

Mo-Me-1 —61.8 -32.0 —-13.7 —107.5 —-20.7 —114.5
Mo-Ph-1 —61.8 —-30.4 —14.4 —106.6 —20.3 —-112.5
Mo-Me-2 —61.8 n& —-7.8 n& —16.0 n&

Mo-Ph-2 —61.8 -31.3 —-8.4 —101.5 —154 —108.5
Mo-Me-3front —61.8 —32.1 —-13.4 —107.3 —-18.1 —-112.0
Mo-Me-3pack -61.8 —c —c —c —c —c

Mo-Ph-3 —61.8 —30.8 —-13.7 —106.3 —-18.2 110.8
Mo-Me-4 —61.8 -32.1 —-13.1 —107.1 —-18.5 112.4
Mo-Ph-4 —61.8 —-30.9 —13.6 —106.2 —18.5 111.2
W-Me-1 —61.8 —-37.5 —-19.5 —118.8 —24.4 —-123.7
W-Ph-1 —61.8 —36.2 —20.6 —118.6 —24.2 —122.2
W-Me-2 —61.8 n& -9.5 n& —16.6 n&

W-Ph-2 —61.8 —36.3 —-10.2 —108.2 —-16.4 —114.5
W-Me-3sont —61.8 -37.1 —-17.0 —115.9 —-19.8 —-118.7
W-Me-3pack —61.8 —c —c —¢ —¢ —c

W-Ph-3 —61.8 —36.0 —-17.3 —115.2 —-19.8 —-117.6
W-Me-4 —61.8 —-37.4 —-16.5 —115.7 —20.2 —-119.4
W-Ph-4 —61.8 —-35.9 —17.1 —114.8 —-20.2 117.9
Re-Me-1 —61.8 —33.5 —15.Z% —110.6 —21.2 —116.5
Re-Me-2 —61.8 —39.0 -1.0¢ —-101.9 —-10.9 —-111.7
Re-Me-3ront —61.8 —35.8 -12.6¢ —-110.3 —-17.0 —-114.6
Re-Me-3ack —61.8 —c —c —¢ —¢ —c

Re-Me-4 —61.8 —35.3 —-9.6 —106.8 —-17.3 —-114.4

aSee Scheme 3 for catalyst labelifglhe most stable triplet does not correspond to thre®/cleavage® Not considered.

metallacycle from separated reactants is associated with thewith other ligands for the same metal d orbitals and hence

disappearance of the#%IC and C=C s-bonds and the formation
of M—C and C-C o-bonds. Thus, the stabilities of the

weakens the MeC bonds of the metallacycle.
The same trend is obtained for W. Comparing Mo to W shows

metallacyclobutanes have been studied by evaluating the bondhat a stronger M-C z-bond is lost in the case af/-I (Table

dissociation energies (BDEs) of the=MC/C=C z-bonds and
the M—C/C—C o-bonds. FoM-I and ethene, the BDEs of the
M=C and G=C z-bonds have been calculated from the energy

5), but it is replaced by even strongetbonds inW-IIl , as
expected on going from a 4d to a 5d mefal? Losing a M=C
sw-bond and gaining a MC o-bond is more stabilizing for W

differences between their respective optimized triplet and singlet than for Mo because of the larger M-ligand overlap isvbond,

structures (eqs 2 and 3). The BDEs of the-M and C-C

so that, overall, the metallacyclobutane is more stable for W

o-bonds cannot be calculated separately. On the other handihan for Mo. The Re alkylidyne complexes show the same

the sum of the energies of the twebonds,) [BDE(C—C) +
BDE(M—C)], evaluated by eq 4, can be directly correlated to
BDE(M—C) because the BDE of the-€C bond is most likely
constant.

BDE(C=C) = E'c, ~ Ecy, @

BDE(M=C) = E’y_, — Ey_, ®)

Z[BDE(C—C) + BDE(M—C)] =
(E3M—I + E3C2H4) — Ey-n (4)

whereEy_y is the energy of metallacyclobutaivelll , E3y—
is the energy oM-I in its optimized triplet staté! and ESc,p,
is the energy of ethene in its optimized triplet state.

For Mo, the BDE(M=C) is almost independent of the X and
Y ligands; therefore, the stabilization of the metallacyclobutane
is entirely associated with the energy of the newly formed
o-bonds{ Y [BDE(C—C) + BDE(M—C)]}, which is similar for
all sets of ligands+106.2 to—107.3 kcal mot?), except for
the bisalkyl complexes, for which it is much lower101.5
kcal mol1). The specific case of the bisalkyl complex is due
to the strongr-donor effect of the alkyl ligand, which competes

(81) It has been verified that the triplet localized one electron on the metal and
one electron on the carbon.
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overall trend, but the BDE(ReC) is more sensitive to the
ligands. They [BDE(C—C) + BDE(M—C)] values are between
those of Mo and W because it combines the effect of a 5d metal,
which stabilizes the metallacycle, and the presence of the
strongly electron-donating alkylidyne ligand, which weakens
the newly formed metatcarbon bonds in the metallacycle.

From M-Il , cycloreversion goes througid-TSIlI , which
is always higher in energy than-TSII , but which, as expected,
varies similarly toM-TSII upon change of metals and ligands.
When TSIl could not be located, like in the case of the
bisalkoxy complexesW-1), the decomposition of the metal-
lacyclobutane occurs directly througtslV. Because the TBP
and SP metallacyclobutanes are probably interconverting rapidly,
the activation barrier for cycloreversion should probably be
considered as the difference in energy between the transition
stateM-TSIIl and the most stable metallacyclobuta8&)( For
a given metal, the smallest energy barrier is always that for the
bisalkyl species, and the highest for the bisalkoxy complexes.
The energy barrier for cycloreversion is mostly controlled by
the stability of the metallacyclobutane, thus the-®& bond
strength. An additional noticeable result is th&TSIIl (TS
for cycloreversion) is the highest point on the exit channel for
all unsymmetrical complexdd-3/M-4 as well as foM-Ph-2
(M = Mo and W).

Olefin Adduct and Olefin Dissociation. The olefin com-
plexesM-IV and the transition states for olefin dissociation,
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M-TSIV, have strong similarities withM-Il and M-TSI, Table 6. Relative Rates (rr = r/rp)2 for the Reaction of Etheng

respectively. FOW-1, the propene addut¥-1-IV has not been Y""tl? NI'" W;tq)ReSPeCt to Mo-NMe-1 (All Energy Values Are Given
! in kcal mol~

located, like in the entry channél-1-11), probably because

of the high endothermicity of the cycloreversion step, and in

this case the metallacyclobutane is linked directly to the products Mo-NMe-1 177 =37 241 -12 1.0 12
Mo-NPh-1 175 -2.7 228 -07 72 47

catalyst X0 r y AG® " My—iMy—2

via M-TSIV . The energy trends foM-IV and M-TSIV are Mo-NMe-2 199 24 218 -11 081 10
equivalent to those reported ft-1l andM-TSI, with the most Mo-NPh-2  16.2 32 204 -17 15 1.0
stable extrema found for unsymmetrical phenyl imido complexes Mo-NMe-3 177 —09 221 -06 18 2.2x 10
(X = CH.CHjs, Y = OR) and the least stable system being the mO'NPh'3 18 —04 222 06 12 78

: : ‘ N o-NMe-4 179 -1.7 223 -1.0 19 2.3x 10t
bisalkylrhenium complexRe-2 Because the olefin coordination  po.NPh-4 175 -21 234 -13 3.2 21
(M-TSI and M-Il ) and olefin de-coordinationM-IV and W-NMe-1 176 —-82 243 -28 073 11x10!

M-TSIV) are reverse reactions associated with the same W-NPh-1 172 -72 226 -22 96 3510
W-NMe-2 194 15 215 -20 67 1.0

elementary step, the analysis carried_ outl‘beSI andM-II W-NPh-2 16.6 18 204 —-22 27 10
applies toM-IV and M-TSIV : the distortion of the metal W-NMe-3 143 -3.6 218 -22 56 8.4
fragment controls the energy M-TSIV . W-NPh-3 145 -37 219 -19 47 1.7
Overall Catalytic Cycle. The pathways described in this ~ W-NMe-4 152 —42 225 -21 17 25
: ) W-NPh-4 144 -34 218 -25 56 2.0
work correspond to the metathesis of an ethylidene metal Re.q 218 -31 228 -13 042 1.2 10
complex with ethene. Changing the nature of the alkylidene Re-2 25.0 6.0 200 -1.3 0034 1.00
group and of the olefin will change the height of the barriers Re-3 174 -01 218 -07 22 6.4x 107

and the reaction energies. Yet, the influence of the metal and Re-4 206 —02 242 —02 016 47

spectator ligands should be similar for any alkylidene/alkene  aThe analytical expression for the relative rate with respect to the rate
set, so a discussion of the relative efficiency of these catalystsfore(M&Flz\lTMe;R(Tro) as a reference is=ro(1 — eAG’RT)/e(AGb*HXVRTJr @VIRT
; + e + ,withrg=1.397x 1018 and 1RT= 1.7 P x corresponds
bas_ed on these_sets of CaICUIatlor_]S can be un_dertak_en_' to transition state with the highest free energy in the entry channel (Tables
First, the barriers are all accessible and relatively similar for 1 and 2).<t corresponds to the free energy of the most stable metallacy-
Mo, W, and Re, independent of the sets of ligands, so none ofClobutémed(Tableh 3)d,_f;he hlgh_ES; free energg in thedeﬂtry chatipel.
. . orresponds to the difference In free energy betweand the transition
these catalys.ts can be readily 5?'e,°ted or discarded. The Shapéate with the highest free energy in the exit channel (Tables 1 and 2).
of the potential energy surface is influenced by the nature of eReaction free energy.
the metal and the ligands. In particular, the existence or the )
absence of an olefin adduct intermediate is due to the interplay &/l catalysts are isostructural. When four elementary steps are
between the energy needed for distorting the catalyst (coordina-Still found in AG, it was verified that the same results are

tion/de-coordination) and the stability of the metallacyclobutane ©Ptained whether using a four-step or a two-step reaction
intermediate, which is controlled by the-MC bond strength. ~ Pathway involving only the lowest minima and highest maxima.
For very stable metallacyclobutanes, the transition states as-This means that the presence of the olefin adduct on the potential
sociated with the cycloaddition/cycloreversion steps are either EN€rgy surface does not influence the calculated relative rates.
located at a lower energy than these for coordination/de- ~Ne following trends have been found: .
coordination or not even found. For example, in the case of 5d (1) The calculated relative rates () are, in general, higher
metals having two alkoxy ligands, only two steps, which for unsymmetrical comp'lexes (* aIkyI,stnoxy or alko>.<y)
correspond to the olefin coordination and de-coordination, were fOr any metal. Comparing the rr's dfl-3 (alkylsiloxy) with
identified. Overall, the potential energy surface is under the "€SPect to these dl-2 (bisalkyl) shows the following trend
influence of two key parameters: ease of distortion of the (w-3/w-2are given in parentheses-NPh-3 (1.7) < Mo-
tetrahedral catalyst and stability of the metallacyclobutane. The NPh-3 (7-.8) < W-NMe-3 (8.4) < Mo-NMe-3 (22) < Re-3
former is minimized by the presence of two ligands of different (640), which parallels the donating influence of the multiply
electron-donating ability, e.g., C- and O-based ligands, and the20nded ligand, increasing from phenylimido to alkylimido to

latter, which depends on theVC bond strength, increases with ~ 2/Kylidyne. In the case d¥-4, the trend relative (/-2 is as
the number of O-based ligands. follows (rrv—a/rrm—2): W-NPh-4 (2.0) ~ Mo-NPh-4 (2.1) ~

In order to evaluate which metal and ligand sets make a more WW-NMe-4 (2.5) < Re-4(4.7) < Mo-NMe-4 (23), which shows
efficiency catalyst, the relative rates (ir) have been calculated that the unsymmetrical alkyl alkoxy system has a smaller
on the basis of the steady-state approximatfcii2 The beneficial effect on the r_elatlve rate_s, except kbo-NMe-4.
calculations of rates use the Gibbs free energy profiteS)( Overall, the unsymmetrical alkyl siloxy catalystd-3 are
obtained through DFT calculations on the extrema located on Not@bly efficient. _ _ _
the potential energy surfaces, See Tables43). The relative ~ (2) Replacing two alkyl ligands iM-2 by two alkoxy ligands
rates usingMlo-Me-1 as a reference, presented in Table 6, have N M-1 can be either beneficial or detrimental, and the effect
been calculated from the free energies of the reactants (the origind€Pends strongly on the metal, as shown by the #imv 2
for the free energies): the most stable intermediate, the SPratio (values given in parenthesesye-1(12) > Mo-NPh-1
metallacyclobutanet) the products 4G); the transition state ~ (4-7) > Mo-NMe-1 (1.2) > W-NPh-1 (0.35) > W-NMe-1
having the highest free energy in the entty; &nd the difference (0.11). ) ] o
in free energies between the highest transition state in the exit (3) For agiven setof X/¥ ligands, the phenylimido complexes
channel and the most stable metallacygle Ko solvent effect have higher rr's than the corresponding alkylimido, except for

has been included because no charged species are involved, arfi€ Unsymmetrical complexedo-3, Mo-4, andW-3.
(4) Rhenium complexes have typically lower relative rates

(82) Campbell, C. TJ. Catal. 2001, 204, 520. than the corresponding Mo and W imido catalysts. In this case,
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the very strongs-donating alkylidyne ligand exacerbates the Research efforts in olefin metathesis have so far mainly
effect of the X and Y ligands, so that the unsymmetrical focused on developing symmetrical catalysts=£Xr), but this
alkylsiloxy catalystRe-3is calculated to be as efficient as the work suggests that developing unsymmetrical catalysts has a
best Mo-based systemo-NMe-3 and better thaivio-1, having great potential, and recent results already show that they are
two alkoxy ligands. very promising.

Experimental data support these qualitative findings: (1) |y general, catalytic processes rarely involve a single elemen-
unsymmetrical systems can out-perform the parent blsaIkOX|detary step, so catalysts with no symmetry may be a better
complexesi®2+24 (2) the best rhenium-based catalyst is the .y 5romise for the entire cycle. This should be kept in mind

siic;—cs)uppo(r:ted, Wellgefined:zl:kylidyge ilkyliden;a complex, \yhen developing catalysts even for chemical processes that do
[(=SIO)(BUCH,)Re{=CHBu)(=CtBu)],™ whose performance not involve the formation of chiral products.

in olefin metathesis is close to that of molecular and silica-
supported Mo and W imido complexes; and (3) bisalkyl imido  acknowledgment. A.P. acknowledges the Spanish Ministerio
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their bad performance as catalysts is due only to their instability the CNRS for a postdoctoral position and the French national

in the presence of olefins (deactivation). computing centers, IDRIS (grants 051744 and 061744) and

Conclusions CINES (grant Isd2217), for a generous donation of computing
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We have shown that the efficiency of th& M(=ER!)(=
CHR?)(X)(Y) metathesis catalysts depends on two factors that Supporting Information Available: Tables StS20, giving

act on different sections of the potential energy surface: the the natural population analysis and Bader’s atoms-in-molecules
ability_ of _the i_niti_al tetrahedral catalyst to dis_tort to_ Open a analysis for all studied extrema; Figures-S820, giving the
coordmatlon_s_lte in order to accommodate Fhe incoming olef_ln, optimized geometries of all reaction paths; Figures-S323,

gnd the stability of the metallacyclobutane intermediate, which showing all located metallacycles intermediates; Figure S24,
is controlled by the M-C bond strength. The catalysts based gp,q\ying the three highest occupied molecular orbitalsof

on group 6 metals are generally more active due to the presencg;._1 mo-Me-1-TSI. W-Me-1. W-Me-1-TSI Re-1 andRe-
of the imido ligand instead of the alkylidyne, because it favors ' ' ' '

the distortion of the initial complexes. However, no unique set
of X and Y spectator ligands and metal (Mo or W) is optimal
for the two effects at the same time. A good compromise is
reached by having catalysts that are unsymmetrical at the metal
center, i.e., having different X and Y ligands: one good donor
ligand (alkyl) and a pooo-donor ligand (alkoxy and siloxy).  JA070625Y

1-TSI; detailed presentation of the geometries of extrema along
the reaction pathways; complete ref 51; list of Cartesian
coordinates,E, and G absolute values of all extrema. This
aterial is available free of charge via the Internet at
ttp://pubs.acs.org.
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